Analytical models for isotropic random surface fractals with tunable fractal dimension, d/; and variable microstructural parameters are used to investigate the microabsorption of X-rays scattered symmetrically from planar samples. The models characterize homogeneous materials the constituents of which differ by their linear absorption coefficients. The absorption contrast between the fractal scattering phase and the mean value of the material is assumed to be small. It is shown that the microabsorption is maximum if the fractality of the internal surface is low (df ~ 2) whereas it vanishes for df ~ 3 irrespective of other microstructural parameters and the absorption contrast. For one of the models, a simple analytical expression is presented describing the microabsorption effect of surface fractals with an accuracy of about 20% for arbitrary fractal dimension and volume fraction.
Introduction
The intensity of X-rays scattered by a heterogeneous sample is determined by the parameters of the X-ray device used, by the crystal structure and physical state of the scattering phase and by absorption processes to which the X-rays are subjected as they pass through the sample. The strength of the absorption is governed by the beam geometry, the macroscopic shape and size of the sample and the microstructural distribution of the absorbing constituents of the sample (Klug & Alexander, 1974; Koch & MacGillavry, 1985; Koopmans & Rieck, 1985) . The dependence of the magnitude of the X-ray absorption on the geometrical distribution of the microstructural components with different absorption coefficients is called the microabsorption effect. With the assumption of an exponential decrease of the X-ray intensity with the path length of the beam in comparable homogeneous materials, the microabsorption effect may be discussed in terms of an effective linear absorption coefficient, #';, which is valid for a given sample and scattering by a certain phase, i.
If the particles of an isotropic n-phase material are very small compared with the penetration depths of the X-rays, the reflected beam will pass through many © 1995 International Union of Crystallography Printed in Great Britain -all rights reserved particles of all phases. The part of the path length through a certain phase is then proportional to the volume fraction of that phase and, correspondingly, the effective linear absorption coefficient,/~, is simply given by the mean value, ~, of the coefficients, /~k, k= 1, ..., n, weighted by the volume fractions, ck, of the phases, k. Considering a series of samples having the same composition but increasing particle size, the path length of the X-rays through the scattering phase increases too. This is due to the fact that part of the X-ray path in the vicinity of the point of reflexion is, of course, always situated in the scattering phase, and it increases with the particle size. In the limit of very large particles, the whole path of the beam in the sample goes through a single scattering particle at the surface of the sample. Then, the effective linear absorption coefficient is given by the coefficient of the scattering phase. Brindley (1945) pointed out that the size, D, of the scattering particles and the absorption contrast, (/~i-~)D, should play the essential role for the microabsorption effect. More detailed experimental evidence for the microabsorption effect was given by deWolff (1956) and Suortti (1972) , who measured the reduction of fluorescence radiation due to granularity of the sample. Trucano & Battermann (1970) analysed diffuse scattering of amorphous powders. Ermrich & Hermann (1990) and Taylor & Matulis (1991) showed that the microabsorption effect can have considerable effect on systematic errors in quantitative phase analysis. Sparks et al. (1992) observed microabsorption effects in metallic powders reducing the intensity of X-ray fluorescence radiation to about one third of the expected values at angles between the sample surface and the X-ray beam below about 20 °. Sparks et al. (1992) and showed that this effect can be the reason for unphysical results for temperature factors obtained from Rietveld analyses.
In general, microabsorption appears as an experimental effect that should be avoided or, if this is impossible, corrected. On the other hand, it has been shown that this effect can be utilized for the estimation ofmicrostructural parameters such as particle size (Hermann & Ermrich, 1989; Ermrich & Hermann, 1990 ) and degree of surface roughness (Hermann, Pitschke & Mattem, 1992; .
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The aim of the present paper is to consider the influence of the peculiarities of the geometrical distribution of the scattering phase in more detail. Until now, the diameter of scattering particles (Brindley, 1945) and the mean chord length of the scattering phase (Suortti, 1972; Hermann & Ermrich, 1987) have been introduced as microstructural parameters governing the microabsorption effect. Hermann, R6ske & Hentschel (1991) showed that theoretical estimates differ gradually when structure models with the same mean chord length but different shape and size distribution of the basic geometrical elements are used. Here, we consider models for variable surface fractals and calculate the microabsorption effect and its dependence on the fractal dimension, dfi of the internal surface for 2 <df < 3, and on the volume fraction of the scattering phase. It will be shown that despite vanishing mean particle size (or mean chord length) microabsorption appears for df < 3. This behavior is in contrast to the microabsorption effect in nonfractal arrangements of scattering and absorbing phases. The dependence of the microabsorption of X-rays in fractals on microstTuctural parameters and on absorption contrast will be discussed by means of both analytical and numerical results.
Theory
The present models are based on random germ-grain algorithms and may be considered as generalizations of the spherical tremata model proposed by Mandelbrot (1991) . We use the discrete scaling model of Hermann (1991 a,b) , and the continuous scaling model by Hermann & Ohser (1993) . The generalizations concern the shape of the basic geometrical objects (grains) and the correlation function for the continuous scaling model.
The germs for the construction of the models are given by the points of a random point field generated according to the well known Poisson distribution and characterized by the number density, 2, of points. Each of the germs is covered by a convex grain of mean breadth b where overlaps of grains may occur. (The breadth of a particle is the distance between two parallel supporting planes.) Then, a random set A is defined comprising all grains distributed in this way. The random set A is able to form fractal or nonfractal internal surfaces depending on the values of 2 and the parameters of the size distribution of the grains. In Fig. 1 , the algorithm for the generation of germ-grain models is illustrated.
The volume fraction, CA, and correlation function, CA(r), of A are given (cf. e.g. Stoyan et aL, 1987; Hermann, 1991 a) by
and
where ~" is the mean volume of the grains. The correlation function CA(r) is the probability of finding two arbitrary points with distance r in phase A, and ~(r) is the distance probability of the grains averaged over all spatial orientations of a single grain and over all grains used for the construction of the model [i(0) = o9/~ 3 is the mean volume of a grain; for identical spheres, /~ is the diameter and 09 = re/6]. The discrete scaling model for random surface fractals is defined by the union of a series of germ-grain models Ai with parameters
(4)
The model is fractal for 0c < 0c3fl < 1 with dimension df = -logfl/log ct (5) of the internal surface (i.e. the boundary of A). Fig. 2 shows planar intersections of two discrete scaling models for random surface fractals with spherical grains. The fractal dimension is understood according to the Minkowski-Bouligand definition (see Z/ihle, 1984; Hermann, 1991b) . The correlation function is given by (2) and
The continuous scaling model is defined by 
(8)
For u~ --+ 0 and 2v + 1 ~/~ 5 3v + 1, the model is fractal with dimension
Now, CA(r) of the continuous scaling model is calculated. If one takes into account that the size distribution of all grains used for the generation of A = U~=oA . is proportional to 2,, the correlation function of the continuous scaling model can be calculated in a similar way to that for the discrete model, and the summation procedure applied in the discrete case must be replaced by an integration. For spherical grains 
Now we use random Poisson polyhedra as grains [for the definition and properties of Poisson polyhedra, see Stoyan et al. (1987) ]. A set of Poisson polyhedra is characterized by the mean breadth b,, where the mean volume is ~', = (16/9rt)/~3, 
Poisson polyhedra are used as a second type of grain for the present germ-grain models, since they give a distinct contrast to spherically shaped grains (see Fig. 3 ). Furthermore, the analytical expression (13) for their mean distance probability function is very simple compared to that of, for example, random Voronoi polyhedra. Using (1), (7), (8) and the expressions Inserting (11) and (17) into the general expression (2) for the two-point correlation function of the used germ-grain models, one obtains CA(r) for homogeneous continuous scaling surface fractals with polyhedral and spherical grains. The model parameters are volume fraction CA, 0 < CA < 1, maximum mean grain size Do, /~0 > 0, fractal dimension d~ 2 < df < 3, and, additionally for the discrete model, scaling parameter 7, ~ < 1. Fig. 4 shows typical correlation functions for different surface fractals. The essential difference to correlation functions of random nonfractal models appears at r--+0, where CA(r)--+cA but the first derivative of the fractal curve is, in contrast to the nonfractal case, infinite:
This corresponds to the relation Sr =-4 x limr--.o [dCA(r)/dr] between correlation function and specific surface area, Sr (see e.g. Hermann, 1991a) . The singularity of dCA(r)/dr at r=0 is more distinct the higher the fractal dimension of the intemal surface ( Figs.  4a and b) . Variation of the type of grains of the model has consequences for the behaviour of CA(r) at larger r values ( Figs. 4c and d) .
Random structures like the present germ-grain models can be characterized also by the mean chord length, 7 A. It is defined as the mean value of the lengths of segments that are generated by the intersection of a straight line with the random set A. At small volume fractions, the set A consists essentially of randomly distributed single grains, and l A measures the particle size. For germ-grain models,
applies. Since Sv --+ ~, the mean chord length of surface fractals is always zero. 
Results and discussion
With modelling of the scattering phase by means of the random set A, the normalized intensity, IA, of X-rays diffracted symmetrically by the phase A of a planar sample is (x)
where L A is the mean geometrical path length of the X-ray in phase ,4. FOrCA = l, i.e. a homogeneous sample, L A = L is valid where L is the geometrical path length of the X-ray in the specimen. If the particles are_very fine [classification according to Brindley (1945) ], L A --cAL. Using the notation of Harrison & Paskin (1964) , we write
where PA = 0 corresponds to vanishing microabsorption.
[The discussion of some essential aspects of the microabsorption effect can be simplified if one considers porous single-phase materials and, accordingly, the notation by Harrison & Paskin (1964) .] The mean path length L A is given (Hermann & Ermrich, 1987 , 1989 by
where CA is assumed to be constant in a statistical sense (i.e. no surface roughness). Fig. 5 shows the mean path length, LA, of a diffracted X-ray through region A and its dependence on the geometrical length, L, of the ray in the sample. At very small L, the length L A behaves like the one for compact samples, whereas at large L it is parallel to the curve for systems with the same volume fraction and vanishing size of the largest particles. Expression (21) can be evaluated analytically by use of the correlation function of the continuous scaling model with spherical grains. Supposing CA << l, one sees that the expression log [1/(1 --CA)] in (6) and (1 l) can be replaced by and (2) becomes
Then, the integral (21) For porous single-phase materials, (/zA -~) becomes (1-CA)IZA and the microabsorption effect decreases linearly with increasing CA at small volume fractions. It is convenient to discuss the microabsorption effect in terms of generalized parameters P and c: P = 1 -2fz/A CA and c --P/PA for multiphase materials, and P = PA and c = CA for porous single-phase samples. So P and c represent the general case and also give us a clear idea of the microabsorption effect for the lucid case of porous single-phase materials.
The integral (19) cannot be evaluated analytically for arbitrary volume fraction. However, it can be solved numerically very quickly. Fig. 6 shows the strength, P, of the microabsorption versus parameter c for a continuous scaling model with Poisson polyhedra as grains and different values of the fractal dimension. P decreases with increasing c values and vanishes at c = 1 where the sample becomes compact and homogeneous. In Fig. 7 , the behaviour of different models with the same fractal dimension is illustrated. The microabsorption is respectively maximum and minimum in the continuous scaling model with polyhedral and spherical grains. The discrete scaling model with spherical grains is situated between them. It should be noted that the analytical expression (23) derived for a small volume fraction of the scattering phase estimates the correct curves at arbitrary volume fraction with an error below 25%. Fig. 8 shows the microabsorption effect for several models and its dependence on the fractal dimension of the internal surface. For all models, there is a continuous decrease of P with growing dimension. The discrete scaling model causes a microabsorption effect that is, for the small value (0.2) of the scaling parameter 0% similar to that of the continuous polyhedral model and for 0c = 0.8 is close to that of the continuous spherical model.
A comparison of the analytical expression (23) with results calculated by numerical integration is given in Fig. 9 . For the value #Ab0 = 0.1, the accuracy of the analytical formula is quite sufficient (better than 10%). The deviation of the analytical expression from the correct numerical data increases with growing values of PAb0 and is of the order of 15% for #Abo ----0.3.
In Figs. 6 to 9, the strength of the microabsorption effect is plotted versus structure parameters such as volume fraction of the scattering phase and fractal dimension of its surface. Since the structure parameters of a given sample have fixed values in most cases it could be of interest to vary the absorption contrast, (PA -~)bo. This is possible using synchrotron radiation and tuning of the wavelength of the X-rays. Corresponding experimental results can be compared to (23) or to theoretical results obtained by numerical integration of (19).
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